AbstrAct
Despite almost two decades of research, many challenges remain unresolved in Cognitive Radio scenarios, especially the fundamental problem of reliable spectrum sensing. Hence, we propose a Channel Partitioning Scheme based Cognitive Radio relying on realistic imperfect spectrum sensing. The channels licensed to the primary user are partitioned into two sets. Channels in one of the sets are exclusively reserved for the PU, while those in the other can be accessed by both the PU and the secondary user after spectrum sensing. The PU prioritizes its transmissions over the two sets by first transmitting using the channels in the reserved set and then moves on to the unreserved set, if required. It is shown that this simple policy significantly improves the overall detection performance as well as the simultaneous achievable rates and reduces the overhead associated with sensing.
IntroductIon
Cognitive Radio (CR) was introduced to address the problem of spectrum imbalance where on one hand there are bands that are under-utilized, while others are crowded or are expected to become crowded in the near future [1] [2] [3] . With CR, in addition to the legacy transmissions of the primary user (PU), the secondary users (SU) are also allowed access to the under-utilized bands with appropriate safeguarding of legacy transmissions.
Since the term "Cognitive Radio" was coined in 1999 by Mitola [1] , tremendous interest has been shown by researchers from diverse backgrounds providing theoretical results, design guidelines and experimental confirmations of CR's benefits, highlighting both the technical and regulatory issues in allowing SU transmissions. The research has also attracted various standardization activities, as discussed in [4] . Yet, satisfactory solutions to many of the open problems still have to be found. Hence, we will list the major challenges that require attention, highlighting the unsolved fundamental problem of spectrum sensing.
Spectrum sensing is a key enabling technique of CR systems, since it provides the SU with the knowledge of the underutilized channels of the PU. Hence, it has attracted substantial research efforts [5] . The fundamental issue in spectrum sensing is the lack of near-real-time, computationally efficient and reliable techniques. To fill this gap, we propose a novel scheme that is simple yet effective in achieving the basic objectives of CR, namely improving overall spectral efficiency at low cost to the SU by improving overall detection performance. The scheme requires limited cognition on behalf of the SU, while the PU is still oblivious to the SU transmissions.
Next we highlight the importance of spectrum sensing in detail by discussing the various functions of CR that are directly dependent on accurate, realtime and practical spectrum sensing.
ImpAct of spectrum sensIng
Since CR networks have to perform intelligent tasks, there are multiple challenges that have to be addressed for the seamless operation of the SU along with the PU. We highlight some of these important challenges that are directly dependent on spectrum sensing, and we also discuss the impact of inaccurate spectrum sensing on each of these challenges. We first note that any spectrum sensing technique has three qualities pertaining to its efficiency:
• Accuracy: Accurate spectrum sensing is the key to safeguarding PU transmissions, because inaccuracies result in interference between the PU and SU transmissions, which renders the communication unreliable.
• Real-Time/Near-Real-Time Actions: Required to provide the SU with sufficient time for communication and to prevent a state-change during sensing that could be caused by an excessive sensing duration.
• Practical: Given that in general sensing is carried out at the SU transmitter, no a priori knowledge of the PU signal is available. At best, some of its statistical characteristics may be known. We first summarize the impact of spectrum sensing in Fig. 1 , where eight challenges have been highlighted that are directly dependent on spectrum sensing. Note that the accuracy of spectrum sensing is decided by the simultaneously achievable probabilities of missed detection and false alarm. For a given value of one these two parameters we wish to minimize the other. Unfortunately, this minimization comes at some computational complexity. Let us now discuss how spectrum sensing affects each of these challenges.
Self Organizing and Distributed Decision Making for Cooperative Spectrum Sensing (CSS): The basic components of CSS are constituted by the individual SUs that perform spectrum sensing at their locations. Any inaccuracies in spectrum sensing at each SU will have an impact at the central fusion node in taking the final decision by combining these individual decisions. Moreover, the choice of the spectrum sensing technique used will also have an impact on the cooperation models utilized by the network. Any computationally intensive technique will add to the overheads of the cooperating SUs. Moreover, it will be a challenge to acquire any knowledge of the incumbent for each SU without cooperating. As such this cooperation will again increase the overheads imposed [6] Spectrum Exploitation vs. Spectrum Exploration: Sensing sequentially over a wide and possibly discontiguous band of asymmetric channels has two aspects: cost of exploration and reward of exploitation. The cost of exploration per channel is increased when the spectrum sensing technique is computationally intensive. Moreover, sensing accuracy has a direct bearing both on the instantaneous and on expected future rewards, and thus ultimately on the exploitation. Minimizing the cost of exploration while maximally exploiting the available channels [7] is the key to improving overall spectral efficiency.
Seamless Spectrum Mobility: The PU may have to use its spectrum at any instant or a mobile SU user may move in a zone, where the PU was already in communication on a channel the SU previously found free. Ensuring prompt SU-backoff while supporting seamless spectrum mobility is thus very important for the SUs [8] , so that the user experience is never unduly compromised. For effective implementation, supporting continuous spectrum sensing is crucial and hence the time spent on sensing should be as low as possible.
Interference Estimation: To keep the interference imposed on the PU receiver below the tolerable level is the most important task, especially when multiple SUs transmit [9] , so that the underlay CR mechanisms can be used to protect the Quality of Service (QoS) for the PU. The SUs have to perform spectrum sensing to limit the interference.
Precoding for Relaying and Interference Mitigation: Decoding of the PU message at the original source transmission rate by the SU to perform either real-time transmit precoding [10] or relaying [11] requires the knowledge of the instances when the PU transmits. Any inaccuracy would imply decoding noise and consequently the ensuing processes will be futile. Here accuracy of this process is crucial.
Scalability: Accurate and practical spectrum sensing becomes important for networks supporting a high user density. Given the limited knowledge of other users, the SUs have to perform accurate sensing. This challenge increases significantly when cooperative spectrum sensing is imposed.
Security: The PUs and SUs have to be protected from various types of attacks, such as PU emulation, denial of service and deceptive attacks [12] . The SUs may have to employ enhanced spectrum sensing techniques to differentiate between the PU and other SUs, when some SUs emulate the PU transmission characteristics. This adds a new dimension to spectrum sensing in the face of security threats.
Utilizing Feedback: CR systems can benefit from error control mechanisms, such as ARQ [13] . If the PU receivers are close to the SU receivers, then it is more accurate and fruitful to perform spectrum sensing at the receivers. Using spectrum sensing at the receiver may also act as an aid to spectrum sensing at the transmitter and as such can result in more accurate sensing. However, this improvement will be challenged by a decoding delay. The impact of such a scheme on the performance attained has to be investigated. Surprisingly little attention has been paid to these systems compared to the aforementioned challenges.
Next we briefly study some existing spectrum sensing techniques in terms of the three requirements.
Well KnoWn spectrum sensIng technIques
We emphasize that despite the enormous efforts invested in finding solutions to these problems, satisfactory spectrum sensing remains elusive. Signal detection theory (termed spectrum sensing in the context of CR) is a classic area of research, but the challenge is that any known detection technique satisfies only some of the triple requirements of accurate, practical and prompt reuse. Explicitly, energy detection is practical and prompt but not accurate enough, while cyclostationary detectors are practical and accurate but slow (since their complexity is huge). Finally, matched-filter detectors are accurate and prompt but not practical (since full signal knowledge is assumed). These challenges call for innovative solutions. The impact of inaccuracy is felt most when an ongoing PU transmission is contaminated by interference due to missed detection and any detection technique having a low probability of missed detection (p md ) will inflict a less detrimental impact. In addition to missed detection, another factor that significantly increases the 
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number of collisions is the probability that a PU occupies a channel p o . Hence, the probability that there is a collision is simply p o p md . Numerous techniques have been proposed for reducing the p md while maintaining the same false alarm rate. However, we choose to concentrate on finding compelling techniques to reduce the impact of p o . Hence, we propose a channel partitioning scheme in the next section to achieve this goal. We explicitly state that we do not propose any new spectrum sensing technique, but rather we conceive a scheme that intelligently reduces the impact of PU transmissions that occur at random to reduce the probability that a collision occurs. However, before we discuss the solutions in detail, we define the notions of cooperation and cognition in a cognitive radio network, which will highlight the practicality of our approach.
cooperAtIon And cognItIon
Any CR network can be described using the following cooperation and cognition based classification:
• Cooperation offered by the PU network to the SU network or simply cooperation (this is not to be confused with cooperation among the SUs in cooperative spectrum sensing).
• Cognitive capability of the unlicensed user.
To safeguard the PU, some researchers propose that cooperation be offered by the PU in lieu of a suitable gain, as exemplified by relaying gain, or by an improvement in overall spectral efficiency. However, there are others who are vehemently opposed to the idea of cooperation and wish to rely solely on the cognitive capabilities of the SU. In reality, it depends on the specific propagation and tele-traffic scenario, whether cooperation or cognition is more desirable. Striking a time-variant adaptive compromise between cooperation and cognition relying on Figure 2 is beneficial. A difference in any of the two will lead to a different scenario. This cooperation-cognition based classification will be useful for us to suggest practical models that are based on beneficial levels of cooperation and cognition. Let us now discuss some of the well known cooperation and cognition scenarios. For ease of interpretation we have categorized both cooperation and cognition into three grades: default, low and high. While default cooperation and cognition is the most basic form, which is assumed in typical models, low may be considered to be practical and high to be radical.
Level of Cooperation
Default Level of Cooperation: Unlike the command and control policy of the operation allocation schemes, the SU is allowed to access the licensed spectrum, while being oblivious to the PU.
Low Level of Cooperation: SU transmissions are allowed in the licensed band and the PU can tolerate a certain level of SU interference. A plethora of different SU impositions may occur, such as:
• Instantaneous interference below a pre-defined threshold.
• Rate limitations, while a minimum transmission rate has to be maintained for the PU.
• Outage constraints, so that the SU transmissions impose only a limited outage probability on the PU. • Probability of collision constraints, which requires that the SU has to employ a sensitive PU detector to avoid collisions. Naturally, many other constraints may be imposed, but those mentioned above encompass the majority of ideas suggested in the literature.
High Level of Cooperation:
The PU cooperates extensively with the SU. It can do so by precisely planning its transmission opportunities and informing the SU about it. For example, in such scenarios the SU may compete to offer relaying services to the PU in exchange for superimposing their payload on that of the SU.
Level of Cognition
Default Level of Cognition: The simplest action for the SU is to prepare for the worst-case scenario, when a PU is always transmitting. Although this is not a typical scenario in a cognitive radio, it hinges on the fact that there are no fail-safe methods of identifying the absence of the PU transmission. Any strategy that deviates from the worst-case scenario will impose some interference on the PU network.
Low Level of Cognition: The SU can perform spectrum sensing in order to detect the PU's presence with some non-zero probability of error over a limited range of frequencies. This works only when the PU is ready to tolerate some non-zero probability of collision (low level of cooperation offered by PU).
High Level of Cognition: The SU can perform perfect spectrum sensing. Furthermore, it may also be able to estimate the PU's transmission to its receivers. This will allow the SU to transmit freely when the PU is absent, and perform transmit precoding when the PU is present (depending on the PU's level of cooperation).
The challenge is to identify the most appropriate combination of cooperation and cognition. The basic requirement is that the CR scheme has to be practically feasible and simultaneously be spectral-efficient. In the presence of basic default cooperation, perfectly safeguarding the PU will require a high level of cognition, while in the presence of default cognition, a high level of cooperation is required from the PU to achieve improved spectral efficiency. However, neither a high level of cooperation nor a high level of cognition are practically feasible. Having a low level of coop- eration combined with default cognition or vice versa will be spectrally inefficient. We are then left only with schemes that operate at a low level of cooperation and cognition. The challenge is to exploit this limited level of cooperation and cognition at hand and to create a CR system having a high spectral efficiency.
In the context of low-level cooperation and cognition we first propose a simple channel partitioning scheme (CPS), which is described next. It will be shown subsequently that this partitioning helps improve accuracy as well as reduce the overall complexity associated with a particular spectrum sensing technique, even when using the low-complexity energy detector.
chAnnel pArtItIon scheme
The uncertainty in the PU's transmission instants coupled with the imperfect spectrum sensing of the SU increases the chances of collisions between the PUs and SUs. However, upon appropriately partitioning the channels into two sets, one of the sets may be exclusively reserved for the PU transmissions, while the other set allows the SU and PU to coexist. 1,2 The packets in the PU's buffer arrive according to some well-behaved (finite mean and variance) discrete distribution. If the number of packets that arrive in a unit time interval is lower than that of the reserved channels, the PU selects the required number of channels uniformly at random in the reserved set. By contrast, if the number of packets is higher than that of the reserved channels, then the PU occupies all the channels in the reserved set and picks the remaining channels uniformly at random from the unreserved set. In short, the PU first transmits in its reserved set and when required, it moves on to the unreserved set. On the other hand, the SU senses only the channels in the unreserved set and transmits accordingly. The scheme is represented diagrammatically in Fig. 3 . In our comparisons we shall term the scheme with no reservations as the traditional scheme (TS). 3 Note that only a modest complexity is imposed by first transmitting in a particular set of channels in the context of CPS, which allows us to support the following two key properties: • In the reserved band, CPS completely safeguards the PUs from the SUs. • In the unreserved band, compared to the traditional scheme, CPS reduces the probability of collision, since the uncertainty associated with the PU transmission is reduced. To implement CPS, we have to answer the following questions:
• How many channels to reserve for CPS? Fewer reservations lead to the TS, while more reservations lead to the non-cognitive scenario.
• Which of the channels to reserve for CPS? If the performance criterion is averaged over a long term, then we can safely assume that all the channels have the same performance. In this case only the first question of calculating the optimal number of channels to be reserved remains. But even this problem is hard in general. However, under some practical assumptions we can infer explicit rules for the optimal number of channels to be reserved. Nevertheless, it is always possible to plot the number of channels to be reserved against the probability of channel occupancy for the PU.
performAnce Improvement
Let us now study the performance improvement achieved using CPS. The parameters of interest that will be used for quantifying the performance improvements attained are defined in Table 1 . To better understand the performance improvement attained, we note that the uncertainty in the PU transmission is reduced due to CPS, because the reserved band is now heavily occupied, while the unreserved band is sparsely occupied. Figure 4 plots the probabilities of occupancy in the reserved and the unreserved set. We observe that if the number of channels is carefully chosen, then p p is close to unity, whereas p c is close to zero.
We show two specific facets, where the performance is improved, as follows.
Average Detection Performance: CPS reduces the number of collisions by reducing the occupancy in the unreserved band, while simultaneously protecting the PU from the SU in the reserved band. In essence the probability of missed detection is reduced. It will then be interesting to see what is the cost incurred in terms of the probability of false alarm. We observe that the CPS results in an equivalent (imaginary) detector and we demonstrate that this equivalent detector is superior to the detector used in the TS. We do not claim the conception of a new detector, but nonetheless we improve the detection performance. To compare the detection performance of the CPS and TS, we employ an energy detector in both the schemes, where the sensing in the CPS is being restricted to the unreserved channels. Figure 5a plots the receiver operating characteristic (ROC) curve for energy detection both for the traditional scheme and for the CPS. To elaborate, the ROC represents the minimum values of p fa achievable for a given p md and vice versa. The curve for CPS is obtained by exploiting the following two relationships that compare the probabilities of missed detection (p md ) and PU utilizes unreserved channels if reserved channels are exhausted. SU utilizes unreserved channels due to spectrum sensing. 1 We do not assume that the PU has to reserve a contiguous band of channels. In fact the PU may reserve the channels best suited for its communication. The SUs are assumed to take what they wish. 2 The PU may change the reserved set after some duration, which is assumed to be long enough so that communicating it to the SU does not affect the rate calculations. 3 Similar ideas for reservations have been suggested in the time domain in [14] { as packet reservation multi-access. Complete sharing, complete partitioning and virtual partitioning have also been suggested for multi-access [15] . false alarms (p fa ) that occur in CPS to that of the TS. We note that p md is the ratio of the average number of collisions in the system to that of the average number of PU transmissions, while p fa is the ratio of the average number of transmission opportunities missed by the SU to the number of transmission opportunities that were presented by the PU. Consequently, it can be shown that,
(1) Note that in the above relationships, p p varies with the number of channels reserved (aN). The more channels that are reserved for the PU, the lower will be the value of p p .
Next, we discuss the procedure employed for plotting the ROC using these relationships. In TS, for a given p md , the best the energy detector can offer is p fa , while the other detector parameters remain fixed. For a pair (p fa , p md ), we vary the fraction a of channels reserved for the PU, which results in a range of values of p md and p fa . Plotting p fa versus p md gives us one curve. We obtain a family of such curves, one for each such pair (p fa , p md ). The closure of the family (set) of curves gives the equivalent ROC curve for CPS, namely for a given p md the curve that contains infimum over all possible values of p fa offered by the family. The performance improvement is substantial, as seen in Fig.  5a . The CPS thus provides energy detection along with the much needed third attribute of accuracy, given that it is both prompt and practical.
The performance improvement attained can be explained as follows. Let us consider an ED operating at (p md , p fa ). If there is no reservation, that is, a = 0, then p md = p md and p fa = p fa . Now we observe from Fig. 4 that as a increases, the value of p p remains near-constant and equal to unity for a significant range of the values of a. This implies that for all such values of a, we can modify Eq. 1 to getp
while p fa = p fa . Hence, for a given probability of false alarm, CPS achieves better performance in terms of its probability of missed detection than TS. And since this is true for all (p md , p fa ) that are possible for the given ED, the ROC of the equivalent (imaginary) detector is superior to that of the TS.
In simpler terms, for an appropriate number of reserved channels, the average number of opportunities missed by the SU is nearly the same for CPS and TS, while the average number of collisions in CPS is substantially lower in CPS than in TS.
Simultaneous Ergodic Achievable Rates: A direct consequence of the improved detection is the improvement in the achievable rates. Figure  5b plots the rates of the PU and SU that can be simultaneously attained (the achievable region). The achievable rate region of the CPS shows a substantial improvement over that of the traditional scheme. In particular, the PU gets near-ideal capacity for substantial non-zero SU rate, unlike the traditional scenario.
optImAl frActIon of chAnnels to reserve for the pu Next we answer the interesting question of what is the optimal fraction of channels the PU should reserve to ensure that the sum-rate of the PU and SU is maximized? This could also be modified to ask, what is the minimum number of channels to be reserved for the PU in order to attain its required rate (with an infinitesimally small tolerance). Under our assumptions, an explicit expression can be derived that is asymptotically optimal, when the number of channels tends to infinity, which is as follows p p Probability that the PU occupies a channel in the reserved set.
p c Probability that the PU occupies a channel in the unreserved set.
The average power available per channel with the PU and the SU, respectively.
R p , R s
The simultaneous data rates achievable for the PU and SU, respectively.
a, b
The cross link gain from the PU to the SU and the SU to the PU, respectively. N Number of channels with the PU.
a Fraction of channels to be reserved for PU. where A is the average rate that the SU achieves due to correct detection and B is the reduction in rate due to missed detection. 4 This equation is valid under the assumption that the PU packets arrive according to a binomial process with N trials having a packet arrival probability p.
The procedure of obtaining the expression for a* is described next. Observe that defining aN as the number of channels reserved makes a a discrete variable. A standard method routinely employed for optimizing a discrete variable is to formulate a difference equation, which is analogous to the method of setting the derivative of a continuous function equal to zero. The difference equation is obtained by equating the difference in the objective function at two consecutive values of the discrete variable to zero. In our scenario the objective function is the sum of the rates of the PU and the SU, which is denoted by C sum (a) for a given a. The difference equation is then (1 -p o ) . The employment of the Gaussian approximation gives us the Q-function, which we invert. Finally, since the number of channels reserved is an integer, we round off the continous value obtained upon inversion (denoted by ⎣.⎤) to get our result. An explicit expression provides the PU with a rule that is universal.
For a set of parameters, we also compute this value using a computer program. Figure 6 plots the optimal fraction of channels a* to be reserved against the probability p o that the channel is occupied by the PU. The curve is staircase-shaped, which is expected, since the number a*N must be an integer. Moreover, a* increases with p o , closely following a value slightly less than p o , which indicates that the PU should typically reserve slightly fewer channels than the average number of channels it occupies. Note that both the achievable rate region improvement and the optimal fraction of channels are dependent on the system parameters. In this article the assumptions are restrictive for the SU. However, any assumption that relaxes the constraints for the SU while safeguarding the PU will improve the achievable rate region. For example, if the SU is not required to meet a per channel constraint of P c and it is instead allowed to distribute its total power over the number of active channels, we can improve the SU's achievable rates and consequently the value of a* will decrease, while the PU will continue to achieve the same rate. If the receivers are able to decode the messages from other transmitters, then again, the value of a* changes in favor of the user that is able to decode and cancel the maximum amount of interference. In such a case the SU will be able to transmit at significantly higher rates, provided that both receivers can cancel interference. An essential feature of CPS is that it is able to adjust to the amount of interference by suitably choosing a different a* in favor of the user, whose achievable rates increase (as a result of some change in parameters). Hence, even with an increase in the interference power, the achievable rates in CPS remain more or less the same. This cannot happen in the traditional scenario.
Similarly, one can ask the minimum number of channels required for providing the PU with a minimum rate of -R p . The optimal value of a is the solution to the equation (1 --a*p c = C), where
Here -A and -B are full single user PU rates obtained with the aid of complete reservation and with no reservation, respectively. This expression is obtained by solving the expression of the PU rate R p = -R p and exploiting the fact that ap p + (1 -a)p c = p o . Observe that p c is also a decreasing function of a and hence the higher the value of R p FIGURE 5. Superior performance of CPS over TS: a) ROC curves of both the traditional scheme and of the CPS using ED; b) the achievable rate region with energy detection of both the traditional scheme and of the CPS. A direct consequence of the improved detection is the improvement in the achievable rates. The achievable rate region of the CPS shows a substantial improvement over that of the traditional scheme. In particular, the PU gets near-ideal capacity for substantial non-zero SU rate, unlike the traditional scenario.
the lower the value of -a*.
The selection of the optimal number of reserved channels in terms of some optimality criterion is also useful for incorporating scaling. As the number of PUs increase, they may want to reserve different channels for themselves. As such, a particular reservation will be arranged either centrally or in a distributed manner, which can optimize the performance attained. The performance criterion, for example, can be a minimum rate-guarantee for each PU or the maximization of the sum rate of the PUs only. As such, the CPS will be useful under any circumstances in terms of reducing collisions. However, it is non-trivial to comment on optimal reservations in terms of any arbitrary performance criterion. Clearly, this would require further study.
reductIon In sensIng overheAd Spectrum sensing constitutes an overhead both in terms of energy and time spent. Restricting the spectrum sensing action to the unreserved band of CPS eliminates unnecessary spectrum sensing, which would have not led to a transmission opportunity. In TS the specific fraction of spectrum sensing attempts that would lead to a transmission opportunity remains limited due to PU occupancy. By contrast, in the unreserved band most attempts result in desired communication. Furthermore, since only a fraction of channels is tested, the computational complexity associated with sensing is also reduced.
An exAmple
We now demonstrate the effectiveness of our scheme using a simple example that consists of N = 50 channels. The probabilities of missed detections and false alarms for some detector is assumed as p md = 0.2 and p fa = 0.4, while the link gains including the cross link gains are kept equal to unity. The average transmit powers are P p = 200 and P c = 100. The table clearly demonstrates that the detection performance is improved substantially, because p md reduces to below 0.1, whereas p fa hovers around 0.4. Also, the sum rates are always greater in CPS when a* fraction of channels are utilized.
dIscussIons And conclusIons
A natural question arising is: How well does CPS scale with the traffic intensity. Since we have considered a generic packet arrival model for the PU, the analysis remains valid, regardless of how many PUs are present. On the other hand, the resource allocation among the SUs hinges on the standard scheduling problem, which has been extensively studied. Our analysis can be readily extended to underlay-based CRs by also allowing the SU to transmit at low rates or low power, so that the PU QoS is maintained in the reserved band. However, such a solution may either become spectrally inefficient if the SUs' interference is limited or energy-inefficient, if the SUs' transmit rate is limited. We can also arrange for more sophisticated PU-cooperation in order to transmit on channels according to a specific priority order. Consequently, the SUs will transmit in a reversed order to minimize the impact. However, we note that this solution is not of generic nature and it does not scale with the number of PUs and SUs.
In conclusion, the fundamental limitations of spectrum sensing were investigated by conceiving the CPS philosophy advocated. It was shown to significantly improve both the detection performance and the resultant achievable rates. The reduction in the overhead of spectrum sensing was shown as an added advantage, since CPS used a prompt and practical energy detection based sensing technique and intelligently improved the accuracy. A key feature of the CPS is that it reduces the uncertainty associated with the PU transmissions and provides the SU with ample opportunities for transmission. The CPS was also shown to be robust to interference fluctuations, which was achieved by suitably modifying the fraction of reserved channels. The optimal fraction of channels to be reserved both by computing using a program and also plotting the theoretical expression. p md = 0.1, p fa = 0.1, P p = 200, Pc =100 , a =1, b =1
